Relative humidity (RH) is of special interest for many industrial and domestic applications. In order to improve product quality, monitoring of the relative humidity during many industrial processes is required. Usually the relative humidity is measured and controlled by humidity meters that detect change in a physical property of a thin film, such as capacitance, resistivity or thermal conductivity. These humidity control systems require a power source, and are relatively complex and expensive. It is also often important to monitor relative humidity during product transport and storage utilising simple and inexpensive indicator devices incorporated into packaging. An example of such a device is a card containing spots of silica gel that indicate a change in relative humidity by a colour change. However, they often have a slow response time and limited accuracy. Disposable holographic sensors that change their properties when exposed to different environmental conditions could provide an easily interpreted, visual response with an added advantage of faster response time and better accuracy.
The sensitivity of some holographic recording materials to humidity has been known for many years [1] [2] [3] . In silver halide materials for instance it has been used to achieve colour control in reflection holograms [1] . Special care to avoid exposure to high humidity is required for other materials [2, 3] as it destroys the recorded hologram. The design of a hologram-based humidity sensor requires a unique combination of properties of the holographic recording material -high sensitivity to humidity and accompanying resistance to damage by humidity. To achieve this combination of properties appears to be very challenging as no successful fabrication of such a holographic device has been reported so far. A humidity sensor using a wavelength-dependent holographic filter with fibre optic links was reported by Spooncer et al in [4] . The sensor medium, gelatin, was characterized by a strong hysteresis in humidity response, temperature dependence and variable sensitivity and reported as unsuitable for use as a sensor.
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Although not designed specifically for the detection of humidity, sensors operating on a similar principle have also been demonstrated in [5] . In the present paper to the best of our knowledge we report for the first time the successful fabrication and characterisation of a visible, highly sensitive and fully reversible humidity sensitive reflection hologram recorded in a selfprocessing photopolymer.
In general, a hologram is produced in a photosensitive material by exposure to an interference pattern produced by two coherent light beams. The spatial variation in light intensity or state of polarization is recorded in the material as a variation in refractive index, absorption or thickness. In the most general case the recorded pattern is a diffraction grating that produces diffracted light when illuminated with light of appropriate spectral or polarization characteristics and in the appropriate direction. The properties of the diffracted light -intensity, wavelength, phase or state of polarization depend on the properties of the recorded diffraction pattern and are useful for the design of holographic sensors. A significant advantage of such a sensor would be the possibility of a visual indication when exposed to the environment to which it is sensitive.
The availability of a large variety of holograms and holographic materials makes the design of holographic sensors a very flexible process. The present paper focusses on the humidity sensing properties of a reflection phase hologram recorded in an acrylamide-based photopolymer. Figure 1 illustrates the basic principle of the humidity sensitive hologram. The high spectral selectivity of the reflection holograms [6] means that light of a specific colour is diffracted when the hologram is illuminated with white light. The colour observed depends on the holographic fringe spacing, Λ, given by relation (1) .
where θ -half of the angle between the recording beams inside the recording medium, λwavelength of the recording light and n 0 -the refractive index of the recording material.
According to (1) achieve the preset humidity for layers with thickness above 30µm was negligible. The response time was also studied by recording the holographic images with a digital camera Sony Cybershot DSC300 at different times after the change in the relative humidity was introduced.
The typical spectral response of a reflection holographic grating recorded in a 30 ± 3 µm thick photopolymer layer is presented in Fig. 2 . The thickness of the hologram, obtained by fit of the experimental data with the well known function [12] describing the wavelength selectivity of a reflection hologram, was 28 µm, in good agreement with the results from independent measurement of the layer thickness. As expected such a holographic optical element [6, 12] is highly selective with respect to the wavelength of the diffracted light. The full width at the half maximum is 2.8 nm. This explains monochromatic appearance of the reconstructed image when 6 the recorded object is relatively flat (Fig.3 ) and there is a limited range of spatial frequencies in the recorded hologram.
To calibrate the humidity response of the hologram, the change of the spectral peak position was determined for different relative humidities. A characteristic example of the humidity response of a reflection holographic grating recorded in 30 µm layer is shown in Fig. 4 .
It can be seen that when the relative humidity changes from 5% to 80% at 23 °C the position of the peak in the hologram's spectral response increases by 130 nm. To identify the mechanism causing this effect one can differentiate equation (1) suggests that the first mechanism is mainly responsible for the observed colour change. Further studies using a white light interferometer to measure the dimensional change will determine the exact contribution of each process.
Initial studies in a controlled humidity and temperature environment show no substantial temperature dependence of the response of the hologram. When the temperature changes from 23
to 50 °C at constant humidity of 30 %, the spectral peak shifts by 1.6 nm. More detailed studies on the temperature dependence of the humidity response are in progress.
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In order to study the reversibility of the humidity response the hologram was exposed to seven cycles of change in relative humidity, from 20 to 80% RH. The position of the spectral peak was repeatable within 1 nm, a change in the visual appearance of the hologram that is too small to be detected. Further studies involving larger numbers of cycles are underway.
The response times of samples recorded in photopolymer layers with different thicknesses were also studied. It was observed that the thickness of the layers has a significant influence on the time required to achieve the final colour appearance at specific relative humidity. For 30 µm thick layer, it took 10 min to reach a fixed colour when the humidity was changed from 50 to 60% RH and for the 90 µm thick layer as long as 50 min was necessary.
After optimization of the thickness of the recording layer, a response time of as fast as a few seconds was achieved. Pictures from a very sensitive hologram are shown in Fig. 5 . The hologram changes colour in less than 30 sec after breathing on it and the initial colour appearance is restored within 5 min.
In conclusion, we have successfully recorded a high diffraction efficiency, photopolymerbased, humidity sensitive, reflection hologram, which changes colour when exposed to different relative humidities, mainly due to swelling or shrinkage of the photopolymer medium. The reversibility, low dependence on temperature and fast response times are very promising for the design of humidity indicators providing easy to interpret visual information. The response times can be controlled by the thickness of the photopolymer layer used to record the holographic humidity indicator. and theoretical fit (red line). Fig. 3 (Colour online) Colour appearance of a hologram exposed to different humidity levels. Fi.5
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